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ABSTRACT 
A multi-layer polymer metal laminate (PML) system is described, which can be used to 
thermally insulate lightweight structural materials, such as aluminium or carbon fibre 
reinforced plastic (CFRP) composite, when exposed to fire. The system comprises many thin 
adhesively-bonded metal foils, bonded directly to the structural substrate. When exposed to 
fire the PML adhesive thermally decomposes with the generation of volatiles, causing the foils 
to delaminate and inflate, thus greatly reducing its thermal conductivity. The expanded PML 
slows heat transfer from the fire into the structural substrate, resulting in lower temperatures 
and increased structural survivability. The fire protection effects of two different thicknesses of 
PML are demonstrated here for both aluminium and CFRP substrates. Fire exposure tests 
demonstrate that the substrate temperatures are reduced and the time to failure under load is 
substantially improved. The protection offered is equivalent or superior to conventional fire 
protection materials such as ceramic fibre mat or intumescent coatings. The advantage of the 
PML is that, in non-fire conditions, it contributes to the appearance and load-bearing capability 
of the structure without being prone to damage or water absorption.      
 
KEYWORDS: fire protection, multi-layer laminate, composites, CFRP, aluminium, structural 
survivability  
 
1 INTRODUCTION 
An important consideration in the use of metal alloys and polymer composites in high fire risk 
applications (e.g. aircraft, ships, offshore platforms) is their structural survivability [1,2]. Fire 
structural survivability can be defined as the capacity of the material used in a load-bearing 
structure to retain stiffness, strength and creep resistance so that it resists excessive 
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deformation or failure for a specified period of time when exposed to fire. This is a major 
issue, especially for light-weight structural materials with low softening temperatures such as 
aluminium alloys and polymer composites, especially those used in aerospace. For example, 
the stiffness and yield strength of most aluminium alloys begin to decrease and the creep rate 
increases  rapidly in the range 150-200 ºC, resulting in relatively poor load-bearing 
performance [3-11].  CFRP loses much of its compressive and flexural load-bearing capacity 
above the glass transition temperature which, for aerospace applications is typically in the 
range 180-210 ºC. At 300-350 ºC most polymer-based composite materials begin to 
decompose with the evolution of flammable volatiles. These release heat, adding to the fuel 
load of the fire and leading to flashover [12,13].   
 
A number of different classes of passive fire protection (PFP) have been developed to insulate 
the load-bearing substrates from fire. They all function by forming a low density, air or gas-
containing structure which achieves its thermal resistance by immobilising the gas within it.  
The thermal conductivity of such structures is generally of the order of 0.01-0.05 W/m/K, 
regardless of the type of material.  To obtain lower conductivities it is necessary to generate 
nano-scale porosity below the mean free path of the gas molecules [14-16] which most current 
PFPs do not employ. 
 
Current PFPs may be broadly divided into the following categories: 
(i) Mineral-based refractory fibre systems (typically based on glass, alumina, kaolin or 
rockwool) that achieve low thermal conductivity by immobilising the air within them 
[17].   
(ii) Mineral-based refractory non-fibrous systems, such as vermiculite and expandable 
graphite, which achieve low conductivity in fire by intumescence [18,19]. 
(iii) Syntactic coatings (e.g. glass or ceramic micro-balloons in a polymer matrix) 
which have low conductivity [20,21]. 
(iv) Intumescent organic coating systems, based on an acid source, such as ammonium 
polyphosphate, a carbon source such as a long chain alcohol and a ‘spumifiant’ or 
blowing agent such as melamine.  These react in fire, increasing several times in 
volume to create a highly porous (expanded) refractory carbonaceous char with low 
thermal conductivity [22-24]. 
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Other types of coating, which have the potential to offer fire protection, include geopolymers 
[26-28], polymers modified with nanofillers and carbon nanofiller-based papers [29,30]. 
 
Systems (i) and (ii) above are the most widely-used for fire protection in the marine, offshore 
and other sectors.  Thin film intumescent systems are also commonly used, although they have 
limited durability when exposed to severe environmental conditions (e.g. abrasion, erosion, 
moisture). A key problem with all of the coating systems described above is that, in terms of 
structural behaviour, they are parasitic. In other words, they contribute to the weight of a 
structure without adding to its stiffness or strength, only fulfilling a useful role in the rare event 
of a fire. Such coatings may also affect the appearance of the surface to which they are 
attached, and can be subject to water absorption and retention which promotes corrosion of the 
substrate.  In aerospace, most of these coatings are non-viable for external use on fuselages, 
either because they affect aerodynamic behaviour or are sensitive to erosion. 
  
This paper reports on a non-parasitic protection system based on multi-layered polymer metal 
laminates (PML) bonded using thin layers of adhesive. In normal operating conditions the 
PML contributes to mechanical performance since it is integral to the structure and has high 
specific strength and specific stiffness relative to the coating systems described above.  In fire, 
the PML delaminates internally and swells in a similar manner to expandable graphite or 
vermiculite, to produce a stable delaminated ‘filo pastry’-like structure capable of thermally 
insulating the underlying substrate.  
 
It is relevant to acknowledge that metal/composite laminates such as GLARE and ARALL 
[31,32] are well-known in aerospace, where they are acknowledged to confer improved burn-
through characteristics on aircraft fuselages, compared to aluminium skins alone. However, 
these materials are primarily designed to improve fatigue and damage tolerance. In contrast, 
the PMLs reported here contain no reinforcement, being designed principally to contain the 
maximum number of delaminatable interfaces, to promote their resistance role in fire. Their 
mechanical properties in the pristine state reflect those of the aluminium of the foils. 
 
This paper presents an experimental investigation into the fire protection mechanism of PML, 
and its capacity to thermally insulate and improve the fire structural survivability of substrates 
which soften at relatively low temperature (aluminium and carbon fibre composite). The paper 
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compares the thermal protection provided by PML against some conventional fire protective 
coatings; namely mineral-based refractory fibre and intumescent coatings. 
 
2 MATERIALS AND EXPERIMENTAL 
2.1 Materials  
Fire structural tests were performed on 6.35 mm thick aluminium and CFRP substrates with 
and without PML thermal protection. The metal substrate was aircraft-grade aluminium alloy 
rolled plate (AA2024-T351 supplied by Alcoa), cut into 600 mm long and 50 mm wide test 
specimens.   
 
The CFRP substrate was fabricated from unidirectional carbon fibre-epoxy prepreg tape 
(AS4/3501-6 supplied by Hexcel Composites). This grade of CFRP was chosen as an example 
of a typical aerospace composite. The composite laminate was designed with a thickness 
similar to that of the AA2024 substrate. Thus, 24 CFRP prepreg plies were stacked in a quasi-
isotropic pattern [0º/45º/90º/-45º]s to construct a symmetric and balanced composite, de-
bulked, vacuum bagged, then consolidated and cured in an autoclave according to the 
manufacturer’s instructions. The final thickness of the cured CFRP panels was 6.7 mm with a 
fibre volume fraction of 0.62 and the glass transition temperature was 210 ºC, as determined by 
DSC at 20 K/min. The CFRP panels were water jet-cut into test specimens of the same 
dimensions as the aluminium ones. Isothermal tensile tests were also carried out on 25 mm 
wide, end-tabbed specimens cut from the same material. 
 
The metal laminates, shown schematically in Figure 1, comprised 30μm thick 99% purity 
aluminium foils separated by ~10 μm layers of epoxy resin of type RS-L135 supplied by PRF 
Composite Materials. They were prepared by a prototype manual coating and rolling process, 
which resulted in a void content of approximately 5% due to air entrapment. This was followed 
by a post-curing step according to the manufacturer’s specifications. 10-foil thick and 20-foil 
thick laminates were prepared, giving protection layers of ~0.4 mm and ~0.8 mm, respectively. 
In preparation for testing, strips of these laminates were bonded onto one side of the 
aluminium alloy and CFRP specimens with the same resin.  
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Figure 1. Cross-sectional optical micrographic image of the 20-ply multi-layered metal 
laminate with the alternating sequence of 30μm-thick aluminium foils (light grey colour) 
separated by polymer interlayers (black colour) which are less than 10μm thick. 
 
To provide a comparison with the thermal behaviour of the PML, some additional samples 
were prepared with two conventional PFPs: a commercial intumescent and a system based on a 
refractory fibre wool. The intumescent was 0.6 mm thick coating of FireFree88, which is a 
water-based, organic coating capable of withstanding fire temperatures up to ~1100 ºC for up 
to 2 h according to the product manufacturer (Firefree Coatings Inc, USA). The mineral-based 
refractory fibre system was a 0.8 mm thick mat known as Superwool 607 HT (Thermal 
Ceramics, USA) which provides thermal protection up to ~1300 ºC. The fibre mat coating was 
bonded to the substrates using a high temperature adhesive (FCL007 supplied by Fire Protect, 
Chester UK Ltd), which is thermally stable up to ~1000 ºC. 
The fire-exposed surfaces of both the protected and unprotected test specimens were spray-
painted with heat-resistant mat black paint, to maximise heat transfer into the sample and to 
ensure that all sample types had the same surface absorptivity and emissivity. Ceramic wool 
fibre blanket was wrapped as thermal insulation around all edges leaving only a 100mm long 
window open at the front for fire exposure. 
Tensile tests were carried at temperatures between 20°C and 400°C. The CFRP specimens 
were 150 mm long, 25 mm wide rectangular strips, with a 60 mm wide gauge length. The 
aluminium samples were 20 mm wide dog-bones. The specimens were tested until failure at a 
rate of 2 mm/min. For the high temperature measurements the heated gauge length method 
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[33] was used during which the specimen gauge length is heated up locally inside a 
temperature-controlled aluminium sheath. 
2.2       Heat flux exposure under load 
All the specimens were subjected to heat flux exposure under load, as shown in Figure 2. The 
test involved subjecting the specimen to a constant tensile or compressive load, along with a 
constant one-sided radiant heat flux. This test simulates the condition of a load-bearing 
material being exposed to the heat radiated by fire. A full description of the fire structural test 
procedure is provided by Feih et al. [34], but is briefly outlined here.  Each specimen was 
axially pre-loaded to a constant tensile or compressive stress using a 250 kN load capacity 
MTS servo-hydraulic machine. The applied tensile stress was between 5% and 90% of the 
room temperature strength values, which were 347 MPa (proof stress) for the aluminium and 
588 MPa (failure stress) for the CFRP. Similarly, for the tests involving compressive load, the 
applied stress was between 5% and 90% of the room temperature global buckling stress, which 
was 39 MPa for the aluminium and 24 MPa for the CFRP.  
 
 
Figure 2. Experimental setup for fire-structural testing. 
 
Specimen 
Machine Grip 
Insulation 
Machine Grip 
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Once under the constant tensile or compressive stress, the specimen was suddenly exposed to a 
constant thermal flux of 50 kW/m2 from a 150 mm diameter radiant electrical heater, which 
was capable of being pre-heated, then rapidly moved to a location 25 mm from the front face. 
The conical heating element was similar to those used in a cone calorimeter. As shown in 
Figure 2, a 100 mm long ‘window’ at the centre of each specimen was exposed directly to the 
thermal flux, while the remainder of the sample was masked off to give a well-defined heated 
gauge length. The sides of the samples were also insulated and the upper and lower parts were 
provided with further mineral insulation to minimise excessive heating of the loading machine. 
K-type thermocouples were attached to the front and back surfaces of each specimen to record 
the temperatures over the duration of the fire exposure test. The axial deformation of the 
specimen during the test was measured directly from the crosshead movement of the machine. 
The lateral deflection of the specimen was measured using a linear variable differential 
transducer (LVDT) placed against the rear (colder) surface. As mentioned, each specimen was 
subjected to constant stress and one-sided thermal flux, up to the point of rupture in tension or 
buckling in compression.  In all cases failure was observed to be a well-defined fairly rapid 
event, marked by an accelerating cross-head movement for no change in load. 
 
3       RESULTS AND DISCUSSION 
3.1 Substrate Mechanical Properties 
Figure 3 shows the effect of temperature on the Young’s modulus and tensile strength of the 
aluminium and CFRP. Both materials can be seen to begin to lose properties at relatively low 
temperatures. The tensile resistance is defined, for aluminium by the yield stress and for the 
CFRP by the ultimate rupture stress. The aluminium begins to soften significantly at about 150 
ºC and has lost 50% of its ambient temperature tensile properties by ~350 ºC. Similar results 
for other aluminium alloys have been reported elsewhere [7,11]. CFRP retains a higher 
proportion of tensile strength and modulus at higher temperature, reflecting the thermal 
insensitivity of the 0º fibres. The observed spread in the results of the CFRP tensile 
experiments can be explained by irregularities in the alignment of individual CFRP plies which 
are introduced during the manufacturing process resulting in minimal deviations from the 
planned fibre orientation leading to slight variations in the overall material strength.  No CFRP 
compressive properties are reported here, but it is well-known that the compressive strength of 
CFRP, being resin-dominated, deteriorates significantly above 100 ºC and falls to a low value 
as the glass transition temperature of the epoxy is approached.  
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            (a)  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
               (b) 
Figure 3. Effect of temperature on the (a) Young’s modulus and (b) tensile strength of the 
aluminium and composite materials. 
 
 
3.2 Thermal Insulation Effect of the PML 
Figure 4 shows the back-face temperatures measured for the aluminium and CFRP specimens 
with and without PML when exposed to the heat flux. The unprotected aluminium heated up 
rapidly within the initial ~15 min of direct exposure to the thermal flux and then reached a near 
thermal equilibrium condition when the temperature was relatively stable at ~330 ºC. The 
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PMLs were highly effective at insulating the aluminium substrate, which heated at a slower 
rate and reached a lower plateau temperature of ~280 °C, 50 °C cooler than without the 
thermal barrier. Surprisingly, the insulating effect was very similar with the two PML 
thicknesses that were studied.  The temperature plateau in the aluminium case was mainly due 
to its high thermal conductivity, which resulted in significant heat losses by axial conduction 
into the parts of the specimen around the exposed region, and ultimately into the machine 
grips.  The thermal plateau corresponds to the equilibrium situation where the heat entering the 
sample through the front face is balanced by that leaving it by axial conduction plus rear face 
convection. 
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Figure 4. Effect of thermal flux exposure time on the rear-face temperatures of the (a) 
aluminium and (b) composite substrates with and without the multi-layered metal laminate 
coating. 
 
 
The insulating effect of the PML was even more apparent for the CFRP. The rear temperature 
of the unprotected composite increased to ~800 ºC, with the surface exhibiting ‘flashover’ a 
short way into the test, due to the ignition of flammable organic volatiles from decomposition 
of the epoxy matrix. The higher temperatures, compared to aluminium, were due mainly to 
much lower axial conduction in the CFRP case, bearing in mind that the in-plane thermal 
conductivity is about 50 times lower than for aluminium.  The PML significantly reduced the 
heating rate of the CFRP and maintained a much lower temperature (~420 ºC), and as a result 
the protected composite did not ignite and burn. As with the aluminium, the plateau 
temperature reached for the CFRP was rather similar for the two PML thicknesses studied.  
 
It should be noted that the through-thickness conductivity of the CFRP is about ¼ of the axial 
value and therefore about 200 times lower than that of the aluminium. This means that the 
CFRP would have experienced a large temperature gradient from the front to the rear face, 
whereas the through-thickness gradient in the case of the aluminium would have been 
negligible.  
 
3.3 Insulation Mechanism of the PML 
The lower temperatures of the aluminium and composite substrates when insulated with the 
PML were due to the expansion mechanism illustrated in Figure 5. The insulating effect is 
created via the decomposition of the epoxy resin which results in gas evolution, causing 
delamination of the layers and separation into a ‘filo’-like structure with a multiplicity of 
interfaces, each with its own significant thermal resistance. The degradation temperature range 
of the resin is between about 300 ºC and 400 ºC, the maximum degradation rate occurring at 
about 350 ºC.  TGA measurements show that typically 80-90% of the original resin mass is 
converted to volatiles [12].  
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Figure 5. Schematic of the expansion process of the multi-layered metal laminate when 
exposed to one-sided heating. 
 
Figure 6 shows the cross-section of an expanded PML following heat exposure. It contains 
delamination between the foil layers which greatly reduce the thermal conductivity. The multi-
layered PML thermal barriers described here form an insulation system suitable for 
temperatures up to about the melting point of aluminium (660 °C), at which point the layers 
begin to melt. Further work is currently under way using similar foil systems to the one 
reported here, with the aluminium front foil replaced by one of a higher melting point metal. 
 
 substrate 
heated surface 
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Figure 6. Cross-section view of the 20-ply multi-layered metal laminate on the aluminium 
substrate following exposure to the thermal flux. The micrograph shows residual gas pockets 
which result from the polymer decomposition during exposure to high temperatures. 
 
The expansion process was studied further by performing annealing tests at different 
temperatures between 350 ºC (close to the decomposition temperature of epoxy) and 500 ºC on 
the coating. Figure 7 shows the effects of temperature and heating time on the expansion factor 
of the 10-ply insulation system. The expansion factor defines the increase in coating thickness 
at elevated temperature compared to the original thickness. Above ~360 ºC the expansion 
factor increases rapidly with temperature and time, due to the gas from the resin 
decomposition. At the highest temperature studied (500 ºC) the coating swelled rapidly (within 
a few minutes) and reached a steady-state expansion factor of about 9. This degree of swelling 
of the PML is similar to that of many commercial intumescents [12,22-24].  
 
Figure 7. Effects of temperature and heating time on the thermal expansion factor of the 10-ply 
multi-layered metal laminate coating. 
 
3.4 Improved Fire Structural Protection with the PML 
Fire structural tests were performed on the aluminium and CFRP substrates with and without 
thermal protection provided using the PML. Figure 8 shows the typical effect of increasing 
exposure time on the axial extension of the bare and protected materials under constant tensile 
stress. Deformation of the aluminium is caused by thermal expansion, the reduction in the 
Young’s modulus (as shown in Figure 3) and ultimately creep-induced plastic flow [4,7,11]. 
The extension rate increases steadily with exposure time until the aluminium begins to neck, at 
which time the extension rate increases rapidly followed soon after by rupture. The extension 
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rate of the aluminium was slowed substantially by the 10-ply PML and more so by the 20-ply 
PML. Similar behaviour was observed for the aluminium under compressive loading; the 
deformation rate was slowed by the 10-foil PML and more so by the 20-foil PML.  
 
The PMLs were also effective at delaying the tensile failure of the composite (Figure 8b). The 
bare composite deformed rapidly due to softening and decomposition of the epoxy matrix and 
heat-induced weakening of the carbon fibres. Protecting the composite with the PML did not 
slow the extension rate during the initial heating phase (up to ~500 s). Extension of the 
composite during this phase is caused solely by thermal softening of the epoxy matrix, which 
occurs around the glass transition temperature (Tg = 210
 ºC). During the initial phase the 
surface temperature of the uncoated and coated composites is below the temperature needed to 
activate expansion of the PML (~360 ºC), and therefore it does not provide significant thermal 
protection to the CFRP substrate. However, at longer thermal flux exposure times (above ~500 
s) the temperature is above the activation temperature of the PML, causing it to expand and 
insulate the substrate. This considerably slows the deformation rate of the composite, with the 
thicker PML being more effective. Protecting the composite can also be seen to slow its 
deformation rate under compression loading. 
 
 
(a) 
0 500 1000 1500 2000 2500
0
2
4
6
8
10
aluminium substrate
20-ply coating10-ply coatingno coating
A
x
ia
l 
E
x
te
n
s
io
n
 (
m
m
)
Thermal Flux Exposure Time (s)
  
14 
 
 
(b) 
Figure 8. Effect of thermal flux exposure time on the axial extension of the (a) aluminium and 
(b) composite substrates with and without the multi-layered metal laminate coating. The 
aluminium and composites samples were tensile loaded at 50% and 40% of their room 
temperature strength, respectively. 
 
Figures 9 and 10 show the capacity of the multi-layered laminate system to improve the fire 
structural survival time of the aluminium and CFRP substrates. The figures show plots of the 
percentage applied tensile and compressive stress on the failure time of the substrates. The 
applied stress values are a percentage of the failure stress at room temperature. The failure time 
is the thermal flux exposure time required to cause rupture of the substrate under tensile 
loading or buckling failure under compressive loading. As expected, the failure times are 
shorter in compression compared to tension loading, and this is due to the long, slender 
geometry of the test specimens which aids buckling failure. The results clearly show that the 
PML increased the failure time of the substrates under both tensile and compressive loads, and 
this is due to the insulation effect that occurs when the metal foils delaminate and swell due to 
decomposition of the resin layers. Also, the fire structural survivability increased with the 
coating thickness due to the prolonged higher insulation. 
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(a) 
 
 
(b) 
Figure 9. Plots of applied percentage tensile stress vs failure time curves for the (a) aluminium 
and (b) composite substrates with and without the multi-layered metal laminate coating. The 
arrows indicate that failure did not occur after 2 h. 
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(a) 
 
(b) 
Figure 10. Plots of applied percentage compressive stress vs failure time curves for the (a) 
aluminium and (b) composite substrates with and without the multi-layered metal laminate 
coating. The arrows indicate that failure did not occur after 2 h. 
 
The improvement to the fire protection and structural survivability gained by the PML is 
similar to conventional ceramic fibre mat and organic intumescent coating systems often used 
for surface insulation. Figure 11 compares the rear-face temperatures measured for the 
aluminium substrate protected with the 20-ply multi-layered laminate (~0.8 mm thick), 
ceramic fibre mat coating (~0.8 mm) and intumescent coating (~0.6 mm). The insulating effect 
of the PML is slightly superior to the intumescent coating (although it is also slightly thicker) 
and less effective than the ceramic fibre mat at short heating times (under ~1 h). The steady-
state temperature of the substrate was very similar for the three insulation systems, revealing 
that the PML is as effective as conventional PFPs. The porosity dimensions in the present case 
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are of micron size, and thus significantly larger than the mean free path of the trapped gas, so 
the insulation values of the expanded laminates are comparable with those of conventional 
insulating materials, rather than nano-insulators. This possibility might be considered for 
future multi-layer materials but would, of course, require much finer dimensions. Figure 12 
compares the fire structural performance of the different coatings for the aluminium substrate 
under tensile loading. Again, it is found that the PML improves the fire performance by similar 
amounts as the ceramic fibre mat and intumescent coatings, but having the added benefit of 
also being load-bearing. Tensile tests on samples with a 20-ply PML coating, corresponding to 
6% of the metal being added to the section, demonstrated that the load-extension curve slope 
and failure load were both increased by 6%, indicating that the foils contributed 
proportionately to the load-bearing capacity.  This, of course, is in contrast to other fire 
protection systems, which do not have a significant structural effect.    
 
Figure 11. Comparison of the back-face temperatures measured for the aluminium substrate 
protected with the multi-layered metal laminate (20-ply), ceramic fibre mat or intumescent 
coating systems. 
 
0 500 1000 1500 2000 2500 3000
0
50
100
150
200
250
300
350
400
450
aluminum substrateT
e
m
p
e
ra
tu
re
 (
o
C
)
Thermal Flux Exposure Time (s)
 no coating
 multi-layered metal laminate coating
 ceramic fibre mat coating
 intumescent coating
  
18 
 
 
 
Figure 12. Comparison of the tensile failure times measured for the aluminium substrate 
protected with the multi-layered metal laminate (20-ply), ceramic fibre mat or intumescent 
coating systems. The arrows indicate that failure did not occur after 2 hours. 
 
3.5 Thermal response modelling  
A two-part, one-dimensional finite difference method has been developed to describe the 
temperature increase within PML-covered specimens when exposed to one-sided heat.  
The first section of the model analyses the heat transfer through the PML surface layer. Basic 
heat conduction theory in combination with resin decomposition reaction according to the 
Arrhenius equation is applied. Most important is the consideration of the PML expansion 
which is the main cause for the protection effect. This is realised within the model via a PML 
expansion parameter that is dependent on the decomposition state of the material and which 
causes an increase of the spacing between individual grid points with on-going heat exposure 
time. The model replicates a simplified PML architecture. It is assumed that one polymer 
interlayer and one aluminium foil form one element which forms the basis for the spatial 
discretisation in the through-thickness direction of the specimen. Overall temperature-
dependent thermal properties (density ρ, specific heat capacity cp, thermal conductivity k) of 
these elements are calculated according to the rule-of-mixtures. mixtures. Some property data 
of PML, CFRP and aluminium at room temperature, used in the thermal response model, is 
given in Table 1. 
The second part of the model describes the heat transfer across the substrate material of the 
specimen. For non-reactive metal materials, such as the AA2024, this only includes basic heat 
conduction equations as the material does not undergo any chemical transformation. Important 
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input factors are the respective thermal material properties of ρ, cp, and k. In case of a reactive 
substrate, e.g. CFRP composite laminate, heat transfer analysis is performed via routines 
established within the COM_FIRE program [35]. This in turn is based on the Henderson 
equation [36] which includes the effects of endothermic decomposition reaction of the organic 
resin as well as the mass gas flow arising from the decomposition reaction besides the basic 
heat conduction evaluation.  
 
Material Density 
[kg/m3] 
Specific Heat Capacity 
[J/kg/K] 
Thermal Conductivity 
[W/K/m] 
AA2024 2700 900 121 
CFRP 1580 1110 0.33 
PML 2450 1000 1.09 (pristine) 
0.095 (expanded) 
 
Table 1. Some property data of PML thermal barriers, CFRP and AA2024 substrate materials 
for use in the thermal response model. 
 
It is assumed that sustained heat transfer takes place at the boundary between the PML layer 
and the substrate material so that no heat losses occur at the interface. The boundary conditions 
are set to radiant heat transfer of known heat flux at the hot face of the specimen, and given as 
insulated at the cold face. The developed model should be valid for low heat fluxes, 20-35 
kW/m2, up to heat flux levels where physical damage to the PML surface layers occurs. At 
heat flux levels above 70 kW/m2 the PML surface temperatures exceeds the melting point of 
aluminium which causes irreversible foil damage. The consequent effect on the temperature 
evolution within the specimen is currently not implemented in the model.  
Figure 13 presents the temperature profiles for PML-protected specimens of both AA2024 and 
CFRP substrates tested during fire-structural exposure at 50 kW/m2 heat flux. It shows through 
comparison of the calculated and measured temperature-time curves the good accuracy in the 
conformity of the curves that can be achieved with the simple modelling approach presented 
here.  
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(a) 
 
(b) 
Figure 13. Comparison of calculated and measured temperature profiles of (a) 10-ply 
PML/AA2024 specimen and (b) 20-ply PML/CFRP specimen under 50 kW/m2 heat exposure. 
 
 
4 CONCLUSIONS 
A novel surface barrier system that combines mechanical performance with thermal insulation 
has been developed to protect structural materials from fire. The multi-layered system 
consisting of alternating metal foil and polymer layers has higher stiffness and strength 
properties than conventional fire protection systems (e.g. ceramic fibre mats, intumescent 
films). When exposed to high temperature fire, the polymer layers decompose with the 
generation of volatiles which are trapped between the metal foils. The metal foils delaminate 
and move apart under the high pressure exerted by the volatiles to create a thick, insulating 
barrier protecting the underlying substrate. The metal foils also soften at high temperature, 
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which aids their delamination and deformation under the pressure of the volatiles. The 
insulating effect of the expanded coating lowers the temperature of the substrate. This cooling 
effect increases the fire structural survivability of substrates such as aluminium alloy and 
carbon-epoxy composite. Furthermore, the insulation efficiency of the coating is similar to 
conventional thermal coatings such as ceramic fibre mat and intumescent films, but with the 
added benefit of having stiffness and strength which contributes to the load-bearing capacity of 
the structure.  
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